Evolution of close binaries often proceeds through the common envelope stage. The physics of the envelope ejection (CEE) is not yet understood, and several mechanisms were suggested to be involved. These could give rise to different timescales for the CEE mass-loss. Measuring the CEE timescales can therefore probe the physical processes involved in CE. In order to probe the CEE-timescales we study wide companions to post-CE binaries. Faster mass-loss timescales give rise to higher disruption rates of wide binaries and result in larger average separations. Thereby, wide-binaries can provide a unique probe for CEE mass-loss. We make use of data from Gaia DR2 to search for ultra-wide companions (projected separations less than 2 × 10 5 a.u.) to several types of post-CEE systems, including sdBs, white-dwarf post-common binaries, and cataclysmic variables. We find a (wide-orbit) multiplicity fraction of 1.4 ± 0.2 per cent for sdBs to be compared with a multiplicity fraction of 5.0 ± 0.2 per cent for late B and F stars which are possible sdB progenitors. The distribution of projected separations of ultra-wide pairs to main sequence stars and sdBs differs significantly and is compatible with prompt mass loss (upper limit on common envelope ejection timescale of 10 2 years). The smaller statistics of ultra-wide companions to cataclysmic variables and post-CEE post common-envelope binaries provide weaker constraints. Nevertheless, the survival rate of ultra-wide pairs to the cataclysmic variables (likely originating from more massive B-stars) suggest much longer, ∼ 10 4 years timescales for the CEE in these systems, possibly suggesting non-dynamical CEE in this regime.
INTRODUCTION
The common envelope (CE) stage is an important stage in binary evolution, occurring in close binaries, typically when the primary evolves off the main sequence and expands. It gives rise to short period binaries, and drives the mergers of stars either directly or through the later evolution of post-CE compact remnant binaries that merge through gravitational-wave emission. For a CE to ensue, the envelope needs to overflow the Roche lobe as to initiate a mass transfer to the companion. If and when the mass transfer is unstable, the primary's envelope engulfs the binary companion as to give rise to a common-envelope. The following dynamical evolution is then driven by the gas drag force and gravity (Paczynski 1976) leading to the inspiral of the binary. The inspiral stage results in the binary merger or in the formation of a tight post-common envelope (pCE) binary (for a most recent review see Ivanova et al. 2013 ).
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Purely hydrodynamical simulations do not give rise to the full ejection of the CE, in contrast with the observations of naked post-CE binaries Ivanova et al. 2013) . Such difficulties lead to the introduction of possible additional processes that may play a role in the CEE. These include the effects of recombination, dust driven winds or jets (see Glanz & Perets 2018 for a brief overview).
Here we consider several types of systems which likely went through a CE stage. In the case when the primary is low-mass star, the naked helium core is seen for a short time as subdwarf B stars (sdBs) before it turns into a white dwarf (WD), and therefore sdB stars are one likely result of a post-CE evolution, a remnant post-CE WD could undergo a mass transfer from a close secondary star, in which case it is likely to manifest itself as a cataclysmic variable (CV, for review see Ritter 2010) . Finally, a non-accreting short period WD binary, is another possible post-CE product.
The mass ejection during the CEE is typically thought to occur at relatively short (dynamical) timescales comparable to the inspiral time of the secondary or somewhat longer.
If only a part of the envelope mass is ejected at the dynamical timescale, the CE could be initiated multiple times and, therefore, the mass loss timescale becomes longer. However, the timescale for CEE is not yet constrained observationally. Recently, Michaely & Perets (2019) tried to probe the timescale using two pCE binaries with additional wide astrometric components, i.e. using wide triple systems. We aim at extending this analysis and search for common proper motion and parallax pairs to pCE binaries, sdBs and CVs using a large sample based on the Gaia second data release (Gaia Collaboration et al. 2016 .
When the inner binary in a hierarchical triple enters the CE stage, the mass ejection strongly affects orbit of the distant third companion. We expect that the distribution of projected separations for ultra-wide components and fraction of survived ultra-wide components will therefore differ between the case of binaries which did not go through a CEE and ones which did lose mass through the CEE process.
Approximately 10 per cent of solar mass stars are born as hierarchical triples (Moe & Di Stefano 2017) . This fraction reaches up to 20 per cent for stars extending to four solar masses. Triples are also known among systems which went through the CE evolution such as Wolf 1130 (Mace et al. 2013 ) and GD 319 (Farihi et al. 2005) . These third components have orbital separations of ≈ 3.2 × 10 3 a.u. in the case of Wolf 1130 and ≈ 5.5 × 10 4 a.u. in the case of GD 319. Triples are also found among the sdB stars; for example, PG 1253+284 is seen as resolved pair with a separation of 0.24 arcsec and additionally shows radial velocity variations (Heber et al. 2002) . Another possible case is SDSS J095101.28+034757.0 (Kupfer et al. 2015) which shows an excess of IR radiation.
In the following we explore the use of wide companions not using specific single cases, but through the use of larger statistical samples. Such analysis can provide the first statistical constraints on the CEE mass-loss time scales based on large samples.
The paper is structured as follows: in Section 2 we summarize the formation scenarios for systems which experience CEE. In Section 3 we describe our data set and in Section 4 we describe our method to search for ultra-wide binaries using the second Gaia data release. In Section 5 we describe the results of our search for ultra-wide components. In Section 6 we perform a simple simulation for orbital evolution of triple systems with a significant mass loss from the inner binary and we conclude with results and discussions in Section 7.
FORMATION PATHS OF POST COMMON ENVELOPE BINARIES
In this Section we briefly describe scenarios suggested to explain the formation of post-common envelope binaries with a white dwarf and sdB stars.
Formation of post-common envelope binaries with a white-dwarf component
Low-mass white dwarfs with mass less than ≈ 0.5 M should form through isolated stellar evolution only on timescales which greatly exceed the Hubble timescale. Nevertheless, low-mass WDs are not rare among white dwarf -main sequence binaries (WDMS) and contain up to a third of the total population (see Rebassa-Mansergas et al. 2016) . The most natural explanation for their formation is through a CEE in binary systems when the more massive primary star losses its extended hydrogen envelope at the subgiant stage due to interaction of the envelope with the secondary main sequence star, leaving behind the He core which later becomes a low-mass, typically He-rich WD (e.g. Zenati et al. (2019) and references therein). Such binaries are seen as composite spectra binaries with large, periodic radial velocity variations observed through their optical spectra.
Formation of sdB stars
sdB stars are low-mass stars (M ≈ 0. 5M Heber 1986 5M Heber , 2016 located to the left of the main sequence at the Hertzsprung Russell diagram around absolute magnitude of ≈ 5. Most of these stars are considered to be helium-core burning stars with thin hydrogen envelopes which contain < 0.02 M (Saffer et al. 1994) . Such sdB stars experience a significant mass loss and many of them are found in close binaries with orbital periods of less than 10 days, which suggests a formation through a CE stage. Following classical stellar evolution theory, an isolated red giant is not expected to lose its envelope and turn into a helium burning core. Therefore, the theories for the sdB formation include either non-standard stellar evolution (helium mixing, hot-flash) or the presence of the secondary companion which serves to strip the sdB stellar progenitors. When a sdB star is observed to be part of a close binary, the secondary star had to play an important role in the sdB formation. Indeed, recent radial velocity measurements (Napiwotzki et al. 2004; Copperwheat et al. 2011 ) discovered a large binarity fraction among sdB stars with up 50 per cent or higher. In most cases the binary companions can not be directly detected, consistent with most of them being WDs or M-dwarfs.
Several binary evolution scenarios were suggested for the origin of sdB star (Han et al. 2002) . These include CE evolution (Paczynski 1976) , leading to the formation of very short period binaries with orbital periods of less than 10 days; Roche-lobe overflow leading to the formation of wider binaries and mergers of two helium WDs (Webbink 1984) , leading to the formation of single/isolated sdB stars. It is thought that CEE play a key role in most cases and that up to 2/3 of known sdBs (Han et al. 2002) are formed through this process. The expected mass of sdB progenitors (Han et al. 2003 ) range between 0.9 M (the lightest star which could form a red giant on timescales smaller than the Hubble time) to ≈ 3 M . Stars more massive than 3 M hardly contribute to the formation of sdBs because of their tightly bound envelopes.
Cataclysmic variables
A typical cataclysmic variable contains a CO WD component with a mass of ≈ 1 M and a secondary with a mass of ≈ 1 M (Ritter 2010) . The CO WD is therefore thought to originate from a primary in the mass range 2.2 − 8 M . A CV might alternatively contain an ONe WD in which case it might have formed from even more massive stars.
The CE is initiated when the primary expands during its post-MS evolution. After the end of the CE, the semimajor axis of the binary shrinks following the loss of angular momentum through magnetic braking and/or gravitational wave emission. At some point the secondary fills its Roche lobe and a second mass transfer epoch is initiated. This second mass transfer is usually stable and the binary is seen as CV at this stage.
DATA
In the following we describe the data collected for the various type of post-CE objects discussed above.
White dwarf -main sequence binaries
We use the catalogue of WDMS binaries compiled by Rebassa-Mansergas et al. (2007 , 2012 1 . This catalogue includes 3287 WDMS binaries identified in the Sloan Digital Sky Survey (York et al. 2000) . In order to get the parallaxes and proper motions for these stars we match these data with the second Gaia data release (Gaia Collaboration et al. 2016 . All details of the cross match are summarized in Appendix A.
Hot subdwarf systems
We use the catalogue of sdBs by Geier et al. (2019) . This catalogue contains 39800 candidates selected in Gaia DR2 and includes some possible contamination at the level of 10 per cent. Only 9826 objects from this catalogue satisfy our quality cuts (where we require the relative errors in the parallax and in the proper motion measurements to be below 0.25). The measured parallaxes range from 0.1 mas up to 56 mas. In order to be sensitive to ultra-wide binaries we select only systems with measured parallaxes larger than 0.66 mas. Also we exclude two systems: HD110698 and BD+164120B for which we had troubles accessing the GAIA database. After these additional cuts we end up with 4709 systems.
We also tried to consider the recent catalogue by Kepler et al. (2019) . Unfortunately, we manage to identify only 259 sdBs stars from this catalogue in the Gaia database using SDSS i,g colours with the conversion by Jordi et al. (2010) within 3 arcsec from their catalogue positions. From this list of 259 stars only 69 have well measured parallax and proper motions which are suitable for our ultra-wide binary search, but we found no ultra-wide binary counterparts for any of them.
Cataclysmic variables
As a source for positions of cataclysmic variables we used the catalogue of Ritter & Kolb (2003) v.7 .20 2 which contains 1429 objects. Because CVs are very variable in the optical band, we used only the coordinate information in our identification and did not perform magnitude or color analysis. We searched for Gaia counterparts within 1.8 arcsec of the given catalogue positions and managed to identify 562 objects with good astrometric measurements of the parallax and the proper motion.
We also notice that some of sdB objects listed in catalogue by Geier et al. (2019) are in fact CVs and we exclude them from our analysis of sdBs.
Comparison samples
Hierarchical triple systems with central pCE or MSWD wide binary originate from hierarchical main sequence systems. Therefore, we want to identify wide binaries to main sequence stars and compare their occurrence rates with wide binaries to pCE systems. We select three samples: (A) direct comparison to sdBs, (B) a sample of only close-by objects (parallax > 5 mas) and (C) more massive stars to be compared with CVs (which likely originate from more massive stars). The ADQL requests are summarized in Appendix B.
Comparison sample A contains 10000 main sequence stars selected by the stellar radius and temperatures determined by the classification algorithm Apsis (Bailer-Jones et al. 2013; Andrae et al. 2018) . We chose stars slightly more massive than the Sun with masses less than ≈ 3 M and with relative errors in parallax and proper motion measurements of less than 0.2. We also restrict the measured parallax to be in the range 0.67-10 mas as to select this sample in exactly the way we have selected the sdBs.
Comparison sample B contains 2452 stars with parallax > 5 and a relative error in parallax of less than 0.05. These stars are selected based on their color and absolute magnitude which are not corrected for extinction. We could not use the results of the Apsis algorithm for this sample because only a small number of stars were successfully classified using it. This sample is selected in such a way as to resolve ultrawide binaries with separations of 10 2 −10 3 a.u. These binaries are the type of possible progenitors for sdBs with ultra-wide components at projected separations of few×10 2 − 10 4 a.u.
Comparison sample C contains 3399 stars. These are more massive stars (a minimal mass of 3.5 M , with a mean mass of ≈ 6 M , and a maximum mass of 9 M ). Given the stellar initial mass function such stellar population is inherently less frequent and we therefore extended our selection up to parallax > 2 mas in order to be able to identify sufficient number of appropriate stars and be able to resolve pairs with projected separations of ∼ 10 2 a.u. In order to select stars for this sample, we require the relative error in the parallax and the proper motion to be less than 0.1. The sample is used to simulate the survival fractions of CVs (which typically originate from these more massive stars) with ultra-wide companions.
METHOD
We identify common proper motion and parallax pairs to MSWD, sdBs and CVs stars following the method described in El-Badry & Rix (2018) and in our recent work (Igoshev & Perets 2019) . We assume that two stars are likely to be gravitationally bound if they are located close at the sky, have similar parallaxes and move in similar directions. Practically, we check if following criteria are satisfied: (1) their parallaxes differ by less than twice the error in the parallax difference; (2) the proper motion difference is less than twice the error in the proper motion difference plus the contribution due to the orbital motion; (3) the error in the parallax difference is below 0.6 mas; (4) the error in the proper motion difference is below two times the possible difference due to the orbital motion; and (5) the error in the proper motion difference is below 1.2 mas year −1 .
For each of the cases where good astrometric quality was attained for our MSWD, sdB or CV systems, we selected all stars with projected spatial separations less than 2 × 10 5 a.u. from the system, and identified potential companions with good astrometric solution and relative errors in parallax, and proper motions smaller than 0.33 of their value from the second Gaia data release. Following this step, we then considered whether these potential targets met the five criteria mentioned above.
We also made an additional check, as to reject a possible spurious origin of a wide companion due to association with a cluster. In particular, we searched for any known open clusters in the catalogue by Cantat-Gaudin et al. (2018) at angular separation of 1 degree with mean parallax difference of less than 0.3 mas and a mean proper motion difference of less than 2 mas year −1 . Since this catalogue has no information about globular clusters, we also checked possible association to known globular clusters.
RESULTS

Comparison samples
In comparison sample A we identify 498 wide companions, from which we infer a multiplicity fraction of 5.0 ± 0.2 per cent, see Table 1 . In order to estimate the contamination level, we then searched the positions of the same stars in the comparison sample but after shifting the locations by 1.0 degree in the declination direction (the largest size of the searching area for the sample), and performed the search again on this synthetic sample. In this case we find 103 ultrawide companions for the stars in the synthetic shifted sample (where 9 belong to the open cluster NGC 2632, which we therefore excluded). From these results we infer a chance alignment of companion stars at the level of 0.94 ± 0.1 per cent in our comparison sample.
In Figure 1 we show the Hertzsprung Russel diagram for ultra-wide components. The color and magnitude data in this plot were corrected for reddening using the threedimensional map of Green et al. (2018) . For the conversion of E(B − V) to A g and E(B p − R p ) we use fixed values of R = 3.1, A g /A v = 0.9 and E(B p − R p )/E(B − V) = 1.5, and apply a factor of 0.884 to all the reddening values.
It seems that the stellar parameters determined by the Apsis algorithm indeed place primary stars at the main sequence just above the Sun and below an absolute magnitude of G abs = 0. The secondary stars are mostly lowmass stars with a mass distribution reaching a maximum at M ≈ 0.7 M , see in Figure 2 .
The distribution of projected separations is shown in Figure 3 . In comparison to the work by El-Badry & Rix (2018) we extend the radius of the searching region up to 2 × 10 5 a.u. and estimate the total ultra-wide binarity fraction. It is also worth noting the following effect: in the Gaia DR2 two stars are considered as separate stars with reliable photometry if the angular separation between them is more than 0.5-1 arcsec. It means that in the El-Badry & Rix (2018) sample the resolution is always better than 200 a.u. In our sample A most of the stars are located at typical distances of 1 kpc, and therefore the typical resolution is of the order of 1000 a.u.
In comparison sample B we initially identify 323 ultrawide binaries. We then excluded all systems with more than one ultra-wide components as to get better resemblance to work by El-Badry & Rix (2018) . Since this (B) comparison sample is of stars located much closer to us, it enables a better sensitivity to much fainter secondaries than in the sdBs sample (see Figure 2 ). Therefore, we considered two additional cuts on the companion mass, in order to enable a proper comparison of the different sample. In particular, in one case we excluded all the systems where the secondary mass was less than 0.4 M and in the second we considered a mass cut-off of 0.6 M . The results are summarized in the Table 1 . The distribution of the projected separations for sample B with the 0.4 M cut-off is shown in Figure 3 .
Besides a shift in the cumulative distribution which could be caused by our limited resolution in comparison to El-Badry & Rix (2018) article, we see a clear trend for increasing projected separation of the ultra-wide companion with increasing mass of the primary star, see Figure 4 . We estimated the masses of the stars in the El-Badry & Rix (2018) sample using a combined isochrone (M > 3.5 M , an age of 2 Myr, 1.8 < M < 3.5 M an age of 10 Myr and M < 1.8 M and an age of 0.5 Gyr). When possible we corrected for absorption using Green et al. (2018) . We find the difference between the cumulative distribution of MSWD ultra-wide binaries and that of MSMS wide binaries to be smaller in comparison with the difference between the cumulative distribution of the projected separations for ultra-wide components when the primary mass is less than 0.5 M and the primary mass is in the range 1.5 < M < 2 M .
In the comparison sample C (massive primaries) we identify 297 ultra-wide pairs. After we exclude repetitions and secondaries with masses less than 0.4 M we are left with 180 objects. This results in a multiplicity fraction of 4.7 ± 0.4 per cent.
WDMS and PCE systems
In our analysis we have identified 63 common proper motions and parallax pairs to WDMS systems (see the distribution of the differences in position and proper motion in Figure 5 ). It is worth noting that the SDSS spectroscope uses fibers with a diameter of 3 arcsec on the sky (York et al. 2000) . Thereby, there is a number of binaries which are resolved in the Gaia database (especially by the astro broad band photometer with the angular resolution up to 0.1 arcsec), but are considered to be spectroscopic binaries in our WDMS sample. To deal with this problem we further divide our list into two parts. The common proper motion and parallax pairs with angular separations of less than 2 arcsec (21 pair) are considered to be resolved binaries, see Table 2 , while the 42 pairs with angular separations larger than 2 arcsec are considered to be triples with ultra-wide companion, see Table 3 . This division has a certain degree of arbitrariness, but it is impossible to make a better choice without additional observations. The third Gaia data release will provide information about the radial velocities and the binary properties which will help to better separate the samples.
We plot the projected orbital separation in Figure 3 . Six binaries which are marked as the post-common envelope systems in the catalogue seems to follow a much wider projected separation distribution than the general MSWD binaries which did not go through a CE episode. In partic- ular, two systems with separations larger than 8 × 10 4 a.u. are pCE binaries with third distant components. We also plot the Hertzsprung Russel diagram for ultrawide components, see Figure 6 . We see that the majority of the ultra-wide pairs are low-mass main sequence stars with spectral types G or K. Five objects are WDs, most of which are the components of the resolved binaries, supporting our original sample division. For a large number of resolved binaries Gaia colors are not provided because the angular resolution of the medium-band photometers of the Gaia is 0.5-1 arcsec (Jordi et al. 2006 ) and the components of the binary are not resolved.
Hot subdwarf systems
In our sample we identify 68 ultra-wide binaries for sdB stars, see Table 4 , Figure 7 and Table 1 for multiplicity fractions. It means that sdBs have 3.6 times smaller ultra-wide multiplicity fraction than found in the comparison sample A which is located at similar distances. Another probe is a comparison with MSWD systems which did not go through the CEE. The ultra-wide multiplicity fraction is three times smaller than in that sample.
We plot the cumulative distribution of projected separations for ultra-wide pairs to sdBs in Figure 3 . On average the ultra-wide companions are located at larger distances than the ones found in the MSWD sample and at smaller distances than one found in comparison sample A. The probability for the distributions of projected orbital separations for the wide companions to sdBs and that of MSWDs (i.e. triples) are similar is 2.4×10 −5 according to the KolmogorovSmirnov (KS) test. The probability that the projected separations for the ultra-wide companions in the comparison sample A (i.e. binaries) and that of the sdBs are drawn from the same distribution is 6 × 10 −3 according to the KS test.
We also estimated the chance alignment contamination. In order to do so, we shifted the position of each sdB star in the catalogue by 1.4 degree in declination. We then performed the search for ultra-wide binaries using these synthetic positions. We found 8 pairs, two of them paired with the actual host, as it turned out that a few stars are located closer than = 10 and the shift of 1.4 degree is not sufficient to exclude them from the search region. Therefore, the chance alignment contamination is 6/4709 ≈ 0.0013 ± 0.0005; this value is ten times smaller than the detected ultra-wide multiplicity for sdBs, affirming that the detected wide companions are likely genuine and are not the result of background contamination.
As an additional check we searched Table 4 and checked the literature for known close companions for any of these objects. Our original list contained 6 more objects which were excluded as we briefly discuss below.
ζ 1 Cnc A (Abt 1981; Roman 1950 ) is a known resolved binary with a sdB component which we also found in the Gaia.
BD-12134A is known to be hierarchical triple at the center of the planetary nebula NGC 246 (Adam & Mugrauer 2014) . BD-12134C is located at separation of ≈ 1 arcsec from the BD-12134A. In our analysis we could not identify it since star is very red and faint with J ≈ 18.4.
The system CD-229142 was suspected to be a binary (Stys et al. 2000) , the Gaia search turned out an additional component to this system. CD-4214462 seems to be a binary with spectroscopically identified white dwarf (McCook & Sion 1999) .
CPD-73420 is known to be a binary star (Zacharias et al. 2012 ).
EC21494-7018 might have an extremely low-mass white dwarf companion according to Vennes et al. (2015) . PG0834+501 shows variations of radial velocity with amplitude ≈ 50 km/s (Saffer et al. 1998; Good et al. 2005 ).
TYC6347-931-1 is known to have a visually resolved companion according to the Simbad database. V*AHMen is an accreting WD emitting X-ray (Wood et al. 1984; Mukai 2017) . V*TXCol is an intermediate polar (Suleimanov et al. 2019; Tuohy et al. 1986 ) with an orbital period of ≈ 5.7 hours.
Additionally we noticed that some of sdBs stars actually belong to the globular cluster NGC 6752. In this case multiple stars could be seen as ultra-wide pairs, therefore we removed these objects from our list. Also V*AHMen and V*TXCol are already present in our list of CVs and therefore we excluded them from the sdB list.
Following the prescription from the previous section we have similarly prepared the Hertzsprung Russell diagram for the primary sdB stars and their ultra-wide companions, see Figure 8 . The companions seems to be normal typical low-mass main sequence stars. We notice that four primary systems lay close to the top of the white dwarf sequence (G abs ≈ 9 and B p − Rp ≈ −0.5) and, therefore, they might in fact be white dwarf and not sdB stars. We therefore excluded the following potential contaminants to the sdB sample: Gaia DR2 1605126585296788480, 5957303154940605696, 2MASSJ14360144+5227424 and Gaia DR2 2867830997336128256.
Distance-parallax conversion
Before discussing the final results it is also important to verify whether the projected separations we find are physical and are not affected by some sort of a bias. A potential problem could arise from the direct conversion from distance to parallax.
The conversion from parallax to distance is not straightforward when the accuracy of the parallax measurement is limited (Igoshev et al. 2016; Bailer-Jones et al. 2018; BailerJones 2015) . To check the contribution of this effect we collect the Bayesian estimates for distances using the catalogue of Bailer-Jones et al. (2018) and plot the cumulative distributions of projected separations in Figure 9 . We find the difference to be negligible. 
Cataclysmic variables
We found 14 ultra-wide pairs to cataclysmic variables, see Table 5 . The distribution of the projected separations is shown in Figure 3 . Half of objects (mostly type NL) are found to have projected separations concentrated around a few×10 3 a.u., another half (mostly DN) are concentrated at larger separations of a few×10 4 with the largest separation of J0221+7322 at ≈ 1.6 × 10 5 a.u. The multiplicity fraction is two times smaller than the multiplicity fraction found for comparison sample C, see Table 1 . A smaller multiplicity fraction hints that the systems experienced a more significant mass loss episode.
Note that one might argue that the comparison of sample C with CVs is invalid, since sample C consists of ultrawide binaries while CVs with distant companions are in fact triples so their multiplicity fraction might be irrelevant for the comparison. This argument does not seem to be valid because the fraction of CVs with distant companion (2.5 per cent) is also smaller in comparison to the fraction of MSWD stars with distant ultra-wide companion (i.e. triples) which did not go through a common envelope episode.
SIMULATIONS OF ORBITAL EVOLUTION FOR SYSTEMS WITH COMMON ENVELOPE EJECTION
In the previous section we demonstrated that the multiplicity fraction for systems which likely went through a CEE is typically 2-4 times smaller than the fractions in the corresponding comparison samples A,B,C or among systems which did not go through the CEE. In this Section we perform gravitational dynamics simulations of hierarchical triples where we include mass loss from the inner binary in order to estimate the probability for a system to survive the CE ejection episode. We then compare the resulting projected separations with the ones found in the previous Section.
Method
In our simulations we make a simplified calculation where we replace the primary star in the appropriate comparison sample with a progenitor binary at the CE stage that loses mass at some given rate, where different mass-loss rates are considered as to identify the mass-loss rate that best reproduces the observations. We then follow the evolution of that star and its wide companion, as to synthesize a post-CE-like system with a wide companion that lose mass through the CEE. We follow the evolution of the orbital elements of a distant companion depending on mass loss rate. In order to perform the simulations we use a technique similar to the one described in Michaely & Perets (2019) with a small difference. Namely, we consider a ultra-wide binary to be unbound if its orbital energy is positive or its projected separation exceeds the size of our searching region i.e. 2 × 10 5 a.u.
The initial parameters for our simulations are as follows. First, we select ultra-wide binaries from the comparison sample. Then, we consider five random eccentricities for each binary sampled from a thermal eccentricity distribution (Ambartsumian 1937; Heggie 1975 ) and five eccentric anomalies from a uniform distribution. We take the semimajor axis to be 1.02 of the observed projected separation based on the analysis by Dupuy & Liu (2011) .
We assume that the CE ejection starts immediately at the beginning of the simulation. The orbital motion of the system is integrated using the Hermite fourth order integration scheme with addition of a jerk force due to the mass loss (Hut et al. 1995) . The numerical integration continues until the CE ejection is finished i.e. the primary mass reaches M final . We convert the final masses, orbital positions and velocities into new semi-major axis a f , eccentricity e f and eccentric anomaly. The final average separation is then computed as: We assume that a binary stays bound after the CE ejection if s f < 2 × 10 5 a.u. and e f < 1.
As we discuss below, each type of system has a different typical total mass-loss, depending on the progenitors and final remnants, and we therefore discuss the simulations results for each type of system individually.
Hot subdwarf systems
We perform the simulations considering two possible final masses; either assuming M final = 0.9 M or M final = 0.4 M . We also consider both a constant mass loss rate and an exponentially decaying mass loss rate in form:
where M 0 is the initial mass of the inner binary and τ is an inverted timescale. The initial progenitor masses for sdB are between 2.5 and 4 M (and taken accordingly from samples A and B). Our motivation to choose such massive progenitors is based on study by Han et al. (2002 Han et al. ( , 2003 who suggested that majority of sdB stars are formed from primaries less massive than 3 M . The addition of some secondary mass gives us the mentioned upper limit. The final mass could be as small as a mass of a single sdB i.e. ≈ 0.4 M or an sdB with some low-mass companion i.e. 0.9 M . We use two samples to simulate the sdBs: (1) using our sample A and (2) using the closer-by systems in sample B. Using sample A we fail to reproduce the sdBs with ultrawide companion at separations of 2 − 4 × 10 3 a.u., see Figure 10 . We believe this results from the omission of smaller separation systems that can not be resolved in sample A. In particular, systems with 0.5 − 1 × 10 3 a.u. separations which are below the Gaia resolution for stars located at distances of ≈ 1 kpc. Following mass-loss these systems would have widened and fill in the smaller separation regime in the separation distribution. Since these systems are undersampled in sample A, the resulting simulated systems show a depletion in systems with small separations. In Figure 10 we scaled the cumulative probability down as to normalize it to the total survival probability computed for the whole sample. Additionally we show the results of our simulations with exponentially decaying mass loss rates in right panel of Figure 10 .
In order to overcome the potential problem we performed the same study, but used sample B. This sample of close-by systems better samples even smaller separation systems.
Using sample B we were able to reproduce the ultrawide companions at separations of 2 − 4 × 10 3 a.u., see Figure 11. Note, however , that in this case we can not normalize the distribution properly. The close-by stars sample is more sensitive to the detection of fainter companions (below ∼ 0.5 M ), and therefore can not be directly compared with the large GAIA sample of sdBs. Nevertheless, if we set a lower limit of 0.4 M for the companion we can decrease the ultra-wide binarity fraction and effectively produce a better comparison; in this case the fraction reduced from ≈ 11 per cent to ≈ 9 per cent. Even if a larger fraction of sdBs have light ultra-wide binary companions, they are impossible to discover with Gaia at the moment.
Overall, we are able to reproduce the multiplicity of the ultra-wide companions and the distribution of their projected separations only if the CE ejection time scale is compatible with short ejection timescales i.e. M 10 −2 M /year. We also tested this by performing additional simplified simulations where the orbital elements were computed using the equation from Hills (1983) .
Cataclysmic variables
For this simulations we use sample C which includes primary stars with masses in the range 3.5 − 9 M and the distant companions with masses larger than 0.4 M . We assume the final mass of the inner binary to be 1.8 M i.e. there is ≈ 1 M CO WD and ≈ 0.8 M secondary star.
The results of our simulations are shown in Figure 12 . The small number of CVs with ultra-wide companion is strongly limiting the possibility of a good detailed comparison, and therefore the overall multiplicity fraction is the main indicator for a successful reproduction of the observations. In order to reproduce the observed fraction we find that a longer CE ejection timescale of M ≈ 10 −4 M /year is Figure 11 . Results of simulations of the orbital evolution with different mass loss timescales for sdBs using comparison sample B as the initial sample. The left and right panels show simulations with the final mass of the inner binary 0.9 M and 0.4 M respectively. Dashed and dotted lines are for fractions excluding third components with masses less than 0.4 and 0.6 M respectively. The grey area shows the uncertainty region for the survival probability of the ultra-wide companions to the sdBs. The final cumulative probability is multiplied by the total survival fraction.
required (i.e. a total mass-loss time scale of a few×10 4 yrs is required, given the massive progenitors.
DISCUSSION AND SUMMARY
We find that the distributions of projected separations of post-CE systems with additional wide-companions differ significantly from the distribution of projected separation for ultra-wide companions to corresponding possible progenitor stars in systems which did not go through a CE evolution. We suggest that this can be attributed to the envelope ejection during an episode of CE evolution. In this case the difference in the distributions can be used to constrain the CE process, and in particular the timescale for mass-loss during this process.
In this work we searched for common proper motion and parallax pairs to systems which went trough a CEE using the Gaia DR 2. We found 68 ultra-wide companions to sdBs, 6 companions to pCE and 14 companions to CVs. Future third Gaia data release will help us to further verify the physical association of these companions through radial velocity measurements.
We find that the ultra-wide multiplicity rates for systems which went through the common envelope evolution are as follows pCE -3.7%, sdBs -1.4% and CVs -2.5 %. These are 2-4 times smaller than the multiplicity rate found for the corresponding progenitor systems (ultra-wide binaries to wide MSWD -4.2%, comparison samples A -5.0%, B -7.0%, C -4.7%). These differences are especially significant in the case of sdBs and CVs. Figure 12 . Results of the simulations for orbital evolution with constant mass loss rate for ultra-wide binaries with CVs. The final cumulative probability is multiplied by the total survival fraction.
cal origin, we perform simulations for the evolution of systems due to mass-loss and consider a range of possible mass loss rates. We find that the fraction of survived ultra-wide companions and the projected separations are compatible to short-term mass loss in the case of sdB formation i.e. M 10 −2 M /year. However, in the case of CVs (with the caveat of the much smaller statistics currently exiting), the results suggest much longer timescale of a few 10 4 yrs (i.e. a mass-loss rate of ≈ 10 −4 M /year).
Interestingly, studies of the periods of post-CE binary systems gave rise to differences in the inferred α CE parameters between lower and higher mass progenitors (Davis et al. 2012) . Though these issues might not be related to our study, they might possibly indicate a joint origin. Namely, it is possible that different processes govern CEE in these different systems. For example, it is possible the CEE suggested to be assisted by recombination is sufficiently efficient for low mass-stars below 3 M , but less effective for more massive 5-9 M stars (private comm. with P. Podsiadlowski). In this case the more massive progenitors of CVs would not lose their envelope through the inspiral and following phases, and might require a much longer timescale for mass-loss through other means, e.g. through the suggested dust-driven winds mechanism (Glanz & Perets 2018 ) which operates on longertimescales more consistent with those we inferred for CVs. Such differences would significantly affect the inferred CE parameters.
Finally, CEE might be accompanied by an effective kick to the CE-system due to asymmetric mass-loss. Kicks at the level of even just a few km s −1 could dissociate or significantly change the distribution of third wide-companions to such systems. Such possibility would manifest itself as producing smaller fractions of wide companions and at larger separations. It is therefore possible that kicks can mimic the effects of fast mass-loss rate. In this case the case of sdBs for which the inferred mass-loss rate was high might be alternatively interpreted as a possible evidence for CE-kick, rather that a dynamical mass-loss in CEE. This issue, however is beyond the scope of this study and will be explored in detail elsewhere. and parallax > 2 and parallax / parallax_error > 10 order by source_id This paper has been typeset from a T E X/L A T E X file prepared by the author.
